INTRODUCTION
Clusters of galaxies are thought to form by accretion of subunits in a hierarchical bottom-up scenario (see f.i. Colberg et al. 1998) : the fact that substructures are observed in a high fraction of clusters (see f.i. Bird 1994) indicates that this accretion phenomenon is still active. Cluster mergings are among the most energetic phenomena in the Universe, leading to a release of ∼ 10 50−60 ergs in a time scale of the order of Gyrs. The astrophysical consequences of this energy output are expected to be both thermal (shocks, changes in the temperature and gas distribution profiles of the Intra Cluster Medium) and non-thermal (appearance of radio sources like Halos or Relics, hard X-ray tails). Such effects are visible at different wavelengths, but Figure 1 . Left: Isodensity contours of galaxies in an area of ∼ 2 o .7 × 3 o .8 around the A3528 cluster complex. The figure refers to galaxies in the magnitude range 17 − 19.5 and the data have been binned in 2 × 2 arcmin 2 bins and smoothed with a Gaussian with a FWHM of 6 arcmin. For the four ACO clusters in the region circles of one Abell radius have been drawn (dashed curves). Right: The same as left panel with superimposed the observed OPTOPUS fields.
ter of the supercluster (Zucca et al. 1994) , dominated by A3558 and A3528 respectively: these structures, whose spatial scales are of the order of ∼ 5 h −1 Mpc , are formed by strongly interacting clusters. The complex dominated by A3558 has been extensively studied in optical (Bardelli et al. 1994 , radio (Venturi et al. 1997 (Venturi et al. , 1998a (Venturi et al. , 2000 and X-ray (Bardelli et al. 1996 , Ettori et al. 2000 bands, revealing its complex dynamical activity. We suggested that this structure could be the remnant of a cluster-cluster collision seen just after the first core-core encounter.
We are carrying on an analogous multiwavelength study on the complex formed by the ACO (Abell, Corwin & Olowin, 1989) clusters A3528, A3530, A3532 and A3535, which appears very similar to the A3558 complex. These two complexes are separated by ∼ 19 h −1 Mpc and are connected by a bridge of galaxies . In this paper we present the results of a dynamical and substructure analysis of the clusters in this complex, based on ∼ 600 new velocity determinations.
The plan of the paper is the following: in Sect. 2 we present the characteristics of the A3528 complex and in Sect. 3 we describe our galaxy sample. In Sect. 4 we derive the dynamical parameters of the clusters and in Sect. 5 we analyze their substructures. Finally the results are discussed in Sect. 6. Fig. 1 shows the galaxy isodensity contours in the sky region covering the A3528 complex. This figure shows two interesting features: a) the distance between the centers of A3530 and A3532 is smaller than their Abell radii, an indication of the existence at least of tidal interactions; b) the contours of galaxies in A3528 appear to be elongated in the NorthSouth direction, pointing towards the A3530-A3532 pair. The complex extends for ∼ 2.8 degrees in the North-South and ∼ 1.7 degrees in the East-West directions, corresponding to linear sizes of ∼ 8 h −1 Mpc and ∼ 5 h −1 Mpc , respectively, at the mean redshift of the structure (see below). The cluster A3528 (α2000 = 12 h 54 m 34 s , δ2000 = −29 o 08 ′ 30 ′′ ) is of richness class 1: all the other clusters of the complex are of richness class 0. Quintana et al. (1995) found a mean velocity of < v >= 15631 ± 148 km/s and a velocity dispersion of σ = 864 +119 −85 km/s determined with 39 galaxies. The ENACS project estimated for this cluster < v >= 15780 km/s and σ = 969 km/s, using 28 galaxies (Mazure et al. 1996) . From a ROSAT PSPC observation, Schindler (1996) found that this cluster is actually double, formed by two subcomponents (dubbed A3528N and A3528S) showing an indication of interaction. In fact, the gas seems to be hotter in the region between the two subclusters. Henricksen & Jones (1996) estimated an hot gas temperature of 2.7 ± 0.8 and 2.9 ± 0.9 keV for A3528N and A3528S, respectively. The core radii are 88 ± 10 and 58 ± 5 h −1 kpc, while the total masses are 3.1 and 3.9×10
THE A3528 CLUSTER COMPLEX
13 h −1 M⊙. Radio observations of this cluster (Schindler 1996; Reid, Hunstead & Pierre 1998; Venturi et al. 1998b) show that in this cluster and in its proximities a large number of extended radio galaxies is located, sign of dynamical activity.
The cluster A3530 (α2000 = 12 h 55 m 31 s , δ2000 = −30 o 19 ′ 53 ′′ ) has an estimated mean velocity of < v >= 15850 ± 165 km/s and a velocity dispersion of σ = 643
km/s, based on 18 galaxies (Quintana et al. 1995) . White, Jones & Forman (1997) reported for this cluster a temperature for the hot gas of 3.2 keV and Ettori, Fabian & White (1997) estimated a total mass of 1.13 × 10 14 h −1 M⊙. The estimated mean velocity and dispersion of the cluster A3532 (α2000 = 12 h 57 m 22 s , δ2000 = −30 o 22 ′ 03 ′′ ) are < v >= 16085 ± 102 km/s and σ = 594 +82 −58 km/s, respectively, based on 39 galaxies (Quintana et al. 1995) . White et al. (1997) reported a temperature of 4.4 ± 1.5 keV and Ettori et al. (1997) a total mass of 1.7 × 10 14 h −1 M⊙. The cluster A3535 (α2000 = 12 h 57 m 48 s , δ2000 = −28 o 29 ′ 18 ′′ ), is the least studied of the complex. The only data available in the literature concern its redshift: on the basis of 4 radial velocities Vettolani et al. (1990) estimated a mean velocity of 19770 km/s. Fig. 1 shows the isodensity contours for the objects in the magnitude bin 17 ≤ bJ ≤ 19.5 from the COSMOS/UKSTJ galaxy catalogue (Yentis et al. 1992) Figure 2 . Redshift completeness of the spectroscopic sample as a function of magnitude. Note that the first bin refers to all galaxies with b J < 16.5.
THE GALAXY SAMPLE

Observations and data reduction
The spectroscopic observations were performed at the 3.6m ESO telescope at La Silla, equipped with the OPTOPUS multifiber spectrograph (Lund 1986 ), on the nights of 8 and 9 March 1991 (for the field # 10) and from 23 to 27 February 1993. Fields # 10, # 11, # 13 and # 34 have been observed twice given the high density of galaxies and/or lack of velocity determination in the literature. The OPTOPUS multifiber spectrograph uses bundles of 50 optical fibers, which can be set within the field of the Cassegrain focal plane of the telescope; this field has a diameter of 32 arcmin, and each fiber has a projected size on the sky of ∼ 2.5 arcsec. We used the ESO grating # 15 (300 lines/mm and blaze angle of 4 o 18 ′ ) allowing a dispersion of 174Å/mm (corresponding to a resolution of ∼ 12Å) in the wavelength range from 3700 to 6024Å. The detectors were Tektronic 512 × 512 CB CCDs (ESO #16 for 1991 run; ESO #32 for 1993 run) with a pixel size of 27 µm, corresponding to 4.5Å, i.e. a velocity bin of ∼ 270 km/s at 5000Å. Detector #32 has a particularly good responsive quantum function in the blue (∼ 70% at 4000Å), where there are the calcium and [OII] lines.
Following Wyse & Gilmore (1992) , we dedicated 5 fibers to sky measurements, remaining with 45 fibers available for the objects. The observing time for each field was one hour, split into two half-hour exposures in order to minimize the effects due to the "cosmic" hits. The observing sequence was: a 30 seconds exposure of a quartz-halogen white lamp, a 180 seconds exposure of the Phillips Helium and Neon arcs, then the first and the second field exposures, and again the arcs and the white lamp.
The reduction steps are described in Bardelli et al. (1994) . However, it could be important to stress that we normalized the fiber transmission dividing each spectrum by the continuum-subtracted flux of the sky emission line [OI]λ 5577. This procedure assumes that the sky emission does not change significantly on angular scales of the order of ∼ 30 arcmin (Wyse & Gilmore 1992) .
We obtained estimates of the radial velocity of galaxies using the cross-correlation method as implemented in the IRAF † task RVSAO (XCSAO, Kurtz et al. 1992) . The galaxy spectra were cross-correlated with those of 8 stellar templates observed with the same instrumental set up. The adopted velocity for each galaxy is the value given by the template which gives the minimum cross-correlation error. For spectra with strong emission lines we measured an † IRAF is distributed by KPNO, NOAO, operated by the AURA, Inc., for the National Science Foundation. . Velocity histogram of the galaxies in the range 0 − 50000 km/s: the main peak at ∼ 16000 km/s corresponds to A3528, A3530 and A3532, while the peak at ∼ 20000 km/s corresponds to A3535.
"emission velocity" using the EMSAO program in the same IRAF task RVSAO.
The new redshift data
From the total number of spectra (692), it was possible to obtain 662 velocity estimates: 81 objects turned out to be stars (∼ 12% of the reliable spectra), leaving us with 581 new galaxy redshifts. In Table 2 we list the objects with velocity determination. Columns (2), (3) and (4) give the right ascension (2000), the declination (2000) and the bJ apparent magnitude, respectively, as reported in the COSMOS catalogue. Columns (4) and (5) give the heliocentric velocity (v = cz) and the internal error (in km/s). The external error can be derived by multiplying the error in column (5) by a factor of the order of 1.6−1.9: the lower value is obtained by comparing repeated observations of the same galaxies (Malumuth et al. 1992) , while the higher one takes into account also the different reduction techniques (see the discussion in Bardelli et al. 1994 ). Finally, the code "emiss" in column (6) denotes the velocities determined from emission lines.
The galaxies whose spectrum presents detectable emission lines (mainly [OII] Biviano et al. (1997) for the cluster galaxy population.
From the literature data, we added 30 galaxies from the ENACS survey (Katgert et al. 1998) , 17 from Quintana et al. (1995) and 43 from the compilation of Fairall & Jones (1991) : in case of multiple values for the same galaxy, we adopted the most recent estimate. The final sample contains a total of 671 velocities.
In Fig. 2 we plot the redshift completeness within the OPTOPUS fields as a function of magnitude. The first bin includes all galaxies with bJ < 16.5. The differential completeness is higher that 70% for objects with bJ < 18.5: at this limit the integrated completeness is ∼ 83%.
In Fig. 3 , the wedge diagram of the galaxies of our sample in the velocity range 11000 − 24000 km/s is reported. In this plot the right ascension coordinate has been compressed and the plotted coordinate is declination, in order to better visualize the structure, which is elongated in the NorthSouth direction. Note that, in this representation, A3530 and A3532 appear compressed together. From this figure it is clear the presence of the "finger-of-God" of the clusters and the physical connection between them. Note also the region without galaxies in the foreground of the structure.
In Fig. 4 the velocity histogram of our sample is shown: the main peak at ∼ 16000 km/s corresponds to A3528, A3530 and A3532, while the peak at ∼ 20000 km/s corresponds to A3535.
These data were used in Bardelli et al. (2000) to estimate the density excess of the A3528 complex with respect to a uniform distribution. We found N N = 21.4 ± 1.2 on a scale of 5.3 h −1 Mpc , which corresponds to a mass of
3.6×10
15 Ωo h −1 M⊙, under the hypothesis that light traces mass. Analyzing the galaxy density profile, we found a significant void in the foreground (at ∼ 10000 km/s); in the background of the structure we detected a void at a mean velocity of ∼ 35000 km/s and a significant overdensity at ∼ 30000 km/s which is part of a larger structure (see the discussion in Bardelli et al. 2000) .
DYNAMICAL PARAMETERS OF THE CLUSTERS
The basic parameters which describe the dynamics of a cluster are the mean velocity < v > and the velocity dispersion σ. In order to estimate these quantities we used the biweight location and scale estimators (Beers et al. 1990 ). The velocity range, in which the cluster members lie, is found by assuming that the velocity distribution is Gaussian and the procedure used for rejecting interlopers is described in Bardelli et al. (1994) . The parameters obtained for the clusters in the complex are reported in Table 3 : column (1) and (2) give the cluster name and the number of galaxies used to estimate the dynamical parameters, column (4) and (5) show the mean velocity and the velocity dispersion (with their 1σ errors). For A3528 and A3535 we considered galaxies inside one Abell radius from the cluster center (i.e. 31
′ and 25 ′ respectively); for A3530 and A3532, given the fact that their Abell circles overlap each other, we restricted our analysis to galaxies inside a circle of 13 arcmin radius. In Fig. 5 the velocity histograms for each cluster are shown, with superimposed a Gaussian with mean value < v > and dispersion σ; the shaded histograms correspond to galaxies with bJ < 18.
Comparing our parameters reported in Table 3 with the literature values (see Sect. 2), we find significant differences. The velocity distribution of galaxies in A3528, although globally consistent with a single Gaussian, appears characterized by several peaks. In particular, considering the distribution of bright galaxies (bJ < 18, shadowed histogram in Fig. 5a ) the presence of a bump at lower velocity (∼ 14500 km/s) is clear. Given the fact that the ENACS and the Quintana et al. (1995) estimates are based on galaxies brighter than ∼ 18, this tail can explain their lower values for < v >. An analogous justification can explain the differences for A3530 and A3532, in addition to the fact that for these two clusters we restricted the analysis to the very central regions. Finally, for A3535 the difference with the literature value is justified by the fact that the Vettolani et al. (1990) estimate was based only on 4 galaxies.
Another interesting characteristics of this complex is that all clusters appear dominated by a pair of bright ellipticals, instead of a single dominant galaxy. In particular, A3530 and A3532 are both dominated by a dumb-bell system (Gregorini et al. 1994) , i.e. two galaxies of roughly equal brightness inside a common halo. Moreover, the major axes of these systems are both roughly aligned in the East-West direction, along the main axis of the cluster pair. In Fig. 5b and 5c, the black dots show the radial velocity of each components of these dumb-bell systems. It is interesting to note that these components are in correspondence of two separated peaks in the velocity distributions; however, it is not possible to assess at a high confidence level the significance of this bimodality (see below). Also in the center of A3528 there are two bright galaxies, which are located near the positions of the two X-ray blobs observed by Schindler (1996) , already discussed in Sect. 2. In Fig. 5a the radial velocities of these two galaxies are indicated by black dots: also in this case, there is a correspondence with two peaks in the velocity distribution.
For what concerns A3535, there is not a clear dominant galaxy near the center, although Gregorini et al. (1994) report the presence of a dumb-bell system.
In order to assess the statistical significance of the peaks in the velocity distribution, we applied the KMM test (Ashman, Bird & Zepf, 1994) which checks whether the distribution is better represented by a single or by a multiple Gaussian. Given the limited number of objects, the bimodality hypothesis is not significantly better than that of a single Gaussian for all clusters, even in the case of bJ < 18. However, the presence of these peaks leads to a marginal deviation from Gaussianity in A3528 (skewness test) and in A3530 (kurtosis test).
SUBSTRUCTURE ANALYSIS
The presence of substructures and their relevance in term of mass with respect to the main clusters are useful tools for understanding if a structure is relaxed. In order to detect subcomponents, we have used the DEDICA method (Algorithm driven by the density estimate for the identification of clusters, Pisani 1993 Pisani , 1996 , already applied by Bardelli et al. (1998b) to the A3558 cluster complex. The basic idea of this algorithm is to determine the density field f ( x) (where x is the n-dimensional position vector) by smoothing the distribution of galaxy with a Gaussian adaptive kernel: the f ( x) is then represented as a sum of Gaussians, whose widths are dependent on the local density. Groups are found as local maxima of f ( x) , while a likelihood function is constructed to estimate the confidence of the existence of the substructures (see for details Pisani 1993 Pisani , 1996 . As done in Bardelli et al. (1998b) , we performed the analysis both in the bi-dimensional and three-dimensional samples: the first case, having more objects, does not suffer by small numbers statistic but could be biased by projection effects; the second case, although using a much smaller sample, is able to separate in velocity the clumps along the line of sight.
The bi-dimensional sample
The bi-dimensional sample is obtained by using the rectangular region described in Sect. 2, which contains 3048 galaxies brighter than bJ = 19.5. As done in , we estimated the background density by plotting the histogram of the widths σ of the Gaussians, which is a symmetric distribution with a tail at high σ. We define the value of the width of the background (σ bck ) as the value at the beginning of the tail, resulting in σ bck = 3.85, corresponding to a density of 0.024 gal arcmin −2 . The whole range of densities in our sample is 0.015−1.587 gal arcmin −2 . The adopted χ 2 threshold is 14.0, corresponding to a significance of 99.99%.
The 13 significant groups found in our bi-dimensional sample are reported in Table 4 , where column (1) is the identification number and columns (2) and (3) give the α and δ coordinates of the group center. These coordinates are identified as the common x lim positions of the members and they do not necessarily coincide with the geometrical center. Column (4) reports the number of the substructure members and column (5) indicates the main component to which the substructure belongs. Note that this association has been made on the basis of a simple coincidence on the plane of the sky.
In Fig. 6 the positions of the substructure members are shown, superimposed on the isodensity contours of galaxies. Note that in these figures the isodensity contours are obtained directly by binning the data (see details in Sect. 3) and not from thef k : however the two methods give similar contours. Note that the objects displayed in Fig. 6 are the galaxies which resulted significantly assigned to the subclumps by our algorithm, but it is possible that the effective number of members of each group is higher.
The bi-dimensional analysis revealed that the A3528 complex is significantly substructured, with the presence of two or more clumps in the inner part of the single clusters (with the exception of A3530). In particular, it is interesting to note the series of clumps around A3528, aligned along the direction pointing toward A3530-A3532. The two X-ray blobs A3528N and A3528S are identified with B944 and B1107, respectively, at a separation of ∼ 2.5 arcmin and ∼ 3.9 arcmin. The two dominant galaxies of A3528 (see Sect. 4) are located one in B944 and the other in B1107.
The three-dimensional sample
In this case we used the velocity sample described in Sect. 2: from the 671 galaxies with measured redshift we selected the 498 objects in the velocity range [10000 − 22500] km/s.
Our formalism uses symmetric three-dimensional Gaussian kernels, with σx = σy = σv, and therefore it is necessary to scale the velocity interval in order to have a numerical range comparable to the other two variables: we have chosen to compress the velocity by a factor 100 (see for details about this point).
The adopted value of the background is σ bck = 10.0 arcmin, corresponding to 3.6 × 10 −4 gal arcmin −2 (km/s/100) −1 and a significance threshold of χ 2 = 15.8. The significant 3-D clusters are 8, out of a total of 19, and are reported in Table 5 . Column (1) is the subcluster identification number, columns (2), (3) and (4) δ and vo) of the group center, while the number of members is reported in column (5). The estimated dynamical parameters are reported in columns (6) and (7) and in column (8) the association to the clusters of the structure is given. Also in this case, the association has been made on the basis of a simple coincidence on the plane of the sky. Note that vo is the projection of x lim on the velocity axis, and therefore it does not necessarily coincide with < v >.
In Fig. 7 the members of these groups are plotted: solid lines connect the position of each galaxy to the common limiting position x lim of the group. In the upper panel, the groups are projected on the plane of the sky, while in the lower panel they are shown in the velocity-Y plane in order to clarify the separation in velocity. In this case, the sparse sampling introduced by the redshift survey with respect to the bi-dimensional sample leads to the loss of some substructures. In particular, only the A3528 cluster remains bimodal, with the main component at 16313 km/s (T362) and a secondary clump at 21336 km/s (T352).
DISCUSSION
The A3528 cluster complex is located in a region of enhanced dynamical activity, where clusters are accreting matter in a series of spectacular mergings, as seen in the nearby system dominated by A3558 (see Bardelli et al. 1998b ). However, these two cluster complexes show some relevant differences.
In the A3558 complex, the members of the chain appeared to be fragmented in a large number of components, both in optical and in X-ray band. In fact, from the optical substructure analysis we found 21 significant threedimensional subclumps; in the X-ray band, in addition to the three ACO clusters A3558, A3562 and A3556, also two poor groups (SC1329-313 and SC1327-312) were detected. All these components are embedded in a hot gas filament (Bardelli et al. 1996; Kull & Böhringer 1999) . Moreover, Venturi et al. (2000) found a deficiency of radiogalaxies in the A3558 complex with respect to the radio-optical luminosity function of normal clusters and Bardelli et al. (1998b) found an excess of blue galaxies in the expected position of the shock. These facts could suggest that the dynamical processes acting on this complex are in a rather advanced stage and that the merging events were already able to induce modifications in the galaxy population. Our conclusion is that the A3558 complex is a cluster-cluster collision (otherwise called "major merging") seen just after the first core-core encounter, where an intervening cluster impacted onto the richer object A3558. Indeed the clumpiness found eastward of A3558 could be due to the galaxies of this intervening cluster, which is now emerging from the main component. This scenario is also confirmed by numerical simulations of merging clusters (see f.i. lower panels in Fig.2 of Burns et al. 1994 , which show the structure after the core-core encounter).
The A3528 complex is characterized in the X-ray band (ROSAT pointed observations) by two pairs of roughly similar interacting clumps: one pair has been resolved as two optical clusters (A3530 and A3532), while the two components of the other pair are both associated to A3528. The radio-optical luminosity function of the radiogalaxies in this complex does not appear significantly different from that of normal clusters (Venturi et al., in preparation) . From the analysis of optical data, we find that the velocity histograms of cluster galaxies are not significantly different from a Gaussian distribution, meaning that the inner parts of the clusters are not far from the virial equilibrium. However, from our substructure analysis the A3528 complex appears characterized by a number of subclumps. In particular, it is interesting to note in the bi-dimensional sample the series of clumps around A3528, aligned along the direction pointing toward A3530-A3532. Moreover, two of them appear associated with A3528N and A3528S (B944 and B1107, respectively). The association is based not only on the α−δ positional coincidence, but also on the mean velocity concordance: in fact, for each group the mode of the velocity distribution of members with redshift is in agreement with the velocity of the dominant galaxy of the corresponding X-ray blob. Also in the three-dimensional sample A3528 appears formed by two groups, T362 and T352, but while the first is located at < v >= 16313 km/s, the second has < v >= 21336 km/s, i.e. it is placed in the background of the cluster. In fact, it results that most members of B944 and B1107 are part of the same three-dimensional clump (T352). This link of some bi-dimensional groups into a single three-dimensional clump happens also for other substructures and is due to the sparse sampling introduced by the redshift survey, which in some cases does not allow a statistically significant separation of the subcomponents. For what concerns the A3530-A3532 pair, the most puzzling feature is the presence of two dumb-bell galaxies at their centers, elongated along the axis joining the two clusters (see Sect. 4). Moreover, it is interesting to note the presence of two subclumps (T443 and T342) at the intersection of the Abell radii of the clusters, with mean velocity in agreement with the main components. However, the A3528 complex is less fragmented than the A3558 structure: in fact, even if these two complexes have similar sizes, in the A3528 complex we detect only 8 significant three-dimensional subclumps against the 21 detected in the A3558 complex (see above).
All these characteristics of the A3528 complex seem to indicate that this is a "young" structure: the two interacting cluster pairs (A3528N-A3528S and A3530-A3532) resemble the simulations of Burns et al. (1994) for the pre-merger case (see upper panels of their Fig.2 ). This scenario is consistent with the suggestions of Reid et al. (1998) , based on the analysis of extended radiosources in this region and with the fact that the merging effects on the galaxy population and on the cluster dynamics are not yet evident. Given the overall overdensity of this region, at the end these two main components will merge together in a major merging event, forming a structure similar to the A3558 complex. The "age" difference of the two complexes is mainly due to their overdensities, which lead to different collapse times (see Table 5 in Bardelli et al. 2000) . This fact confirms that the Shapley Concentration is a "laboratory" where it is possible to study the formation of clusters at different stages.
A better understanding of the status of the merging process in the A3528 complex will be reached using XMM observations of all clusters in the complex (AO1 approved observations), which will allow us to derive the distribution of the diffuse hot gas and its temperature map, leading to estimate the cluster masses and to individuate the position of the shock fronts.
Finally, a more detailed analysis of the galaxy population properties will be possible through the spectral classification of galaxies in the two cluster complexes and in the underlying supercluster "field" (Baldi et al., in preparation) . This study will help to understand the effects of the cluster large-scale dynamics on the galaxy morphology. 
